Abstract-We present the first integrated linear extended-cavity passively mode-locked (PML) semiconductor laser in which the operating mode can be switched electrically between two configurations. The first configuration is where the saturable absorber (SA) is located next to the output coupler, the so-called anti-colliding pulse mode-locking (ACPML) scheme. The second is where the SA is next to the high reflectance mirror, the self-colliding pulse mode-locking (SCPML) scheme. The 7.5-GHz PML was used to demonstrate experimentally the theoretical prediction that placing the SA next to the output coupler leads to a significant improvement in the laser stability and quality of the optical pulses. The experimental results show that the ACPML scheme allows for more deeply saturated SA due to the increase of optical power in the SA. The measurements of the RF spectra and autocorrelation traces confirm the superiority of the ACPML design in terms of pulse stability and width over the SCPML design for a wide range of operating conditions. The linewidth of the beat tone at the repetition rate was reduced by more than 60 times, the measured minimal autocorrelation width improved from 22 to 7.5 ps and a 3 dB increase in average output power was achieved.
The combination of these two properties leads to the short optical pulse formation [4] . The simplicity of such circuits allows PMLs to be realized as a photonic integrated circuit (PIC) which may be combined with other optical elements into more complex systems. Due to their robustness, size and costs, integrated systems became a subject of interest, especially when active-passive integration technology is used.
However, there are a number of issues in realizing such integrated systems. One of them is the performance of semiconductor PMLs. The achieved optical pulses are typically longer than those obtained from solid state lasers, stable operation is limited to a narrow range of bias conditions and the pulse train exhibits a high level of amplitude and timing jitter. There are several highly relevant developments that are helping to bring this area forward. For instance it was shown that the introduction of gain-flattening filters into the laser cavity leads to shorter optical pulses and wider coherent combs [5] , [6] . In order to stabilize the pulse train, RF or optical signals can be injected [7] . On the other hand, the performance of a PML can be improved in terms of both stability and the pulse characteristics by modifying the saturation energies of the SA and SOA [4] . Most literature reports on the so-called self-colliding pulse modelocking (SCPM) scheme. This scheme is based on placing a short SA close at one end of the linear cavity and next to a high reflectivity mirror [8] [9] [10] . The high reflectivity mirror is typically a high reflection coated facet. The use of the high reflectivity mirror next to the SA is to optimize the power from the output facet. It also provides a deeper SA saturation due to the interaction of the pulse with itself inside the SA.
However in [11] it was shown theoretically that in an anticolliding pulse mode-locking (ACPML) scheme, where the SA is placed next to the low reflectivity output coupler (OC) mirror, a weaker saturation of the gain in the SOA and a more deeply saturated absorption in the SA can be achieved. The study was presented as a comparison of three configurations: ACPML, SCPML and symmetrical mode-locking (SML). SML configuration is where the SA is placed at the one end and reflectivities of both cavity ends were chosen equal. The study in [11] showed that the ACPML configuration leads to an enlargement of the operating current range, a reduction of amplitude and timing jitter, an increase of optical power and a reduction of pulse duration in comparison with the other two configurations.
Recently in [12] an experimental study of a laser in the ACPML configuration (one high reflectivity and one low reflectivity mirror) and in the SML configuration (both mirrors with the same reflectivity), was presented. The performance of an uncoated Fabry-Perot two-section mode-locked laser at 1.5 μm was compared before (30% reflectivity on both sides) and after applying a low reflection coating (10% reflectivity) to the SA facet and a high reflection coating (over 90% reflectivity) to the other facet. A reduction of the amplitude and timing jitter, an increase of the operating range of bias conditions and an increase of the pulse power was achieved. In this work it was observed that the peak emission of the coated laser had shifted significantly. According to the authors this could be caused by the spectral filtering introduced by the coating.
However, as it was discussed above, much experimental and theoretical work was done on linear PMLs using the SCPML configuration, where one facet has 100% reflectivity in order to decrease intracavity loss. In this work we present an experimental study of an InP-based quantum well integrated PMLL with an extended linear cavity in ACPML and SCPML configurations. Preliminary results were published in [13] . Moreover, the laser design allows to realize both configurations by using three separate active sections with quantum wells as well as passive integrated wavelength-independent mirror structures thus avoiding the use of coatings. The use of passive mirror structures in an active-passive integration scheme allows for a precise control of the SA length since cleaving inaccuracies are avoided [14] . In this case the PMLL can be freely located on the chip for further integration. In this paper we qualitatively verify the theoretical predictions and show significant improvement of the stability, optical power, pulse duration and enlargement of the operating condition range of a PML in the ACPML configuration in comparison to one in SCPML configuration.
II. EXPERIMENTAL RESULTS

A. Linear Mode-Locked Laser Geometry
In this work we present an extended cavity linear laser design which includes a SOA, a SA as well as passive waveguides and mirror structures. The laser was designed as an InP PIC using a library of standardized building blocks and fabricated within a multiproject wafer run available through an Oclaro foundry service [15] .
A schematic sketch of the linear PMLL are shown in Fig. 1(a) . The repetition rate is determined by the total length of the cavity. In the case of low repetition rates, the use of passive waveguides helps to reduce self-phase modulation effects caused by propagation of the light through the active sections. The laser presented here consists of three active sections (SA1, SOA and SA2), a passive waveguide section and multimode interference reflectors (MIR). In order to be used as OC and end mirror (EM), the 107 μm long MIRs [16] were designed to provide 50% and 100% respectively. However, in reality fabrication imperfections cause a power loss of less than 1 dB (20%) for one-port MIR (EM) and 1.4 dB (28%) for two-ports MIR (OC). The total length of the cavity including both MIRs is 5.5 mm.
The finite length of the mirrors can significantly reduce the pulse interaction with its reflection within the SA. In [17] it was shown theoretically that an increase of the distance between the SA and a flat OC mirror (e.g., a facet mirror) ultimately leads to a reduction of pulse energy and a decrease in stability of the pulse train in the anti-colliding configuration. Increase of the distance between SA and the flat mirror also broadens the optical pulses. However stable mode-locked operation can be obtained when the distance between the SA and OC mirror is up to four times of the length of the SA and this distance does not exceed the spatial width of the pulse. In was shown that under these conditions the PML realized in the ACPML configuration features better performance than the one in the SCPML configuration.
To minimize possible back reflections from the edges of the chip the output waveguide was 7°tilted with respect to the cleaved and AR-coated facet. The ring waveguide attached to the 50% MIR output has 150 μm radius. All active sections SA1, SA2 and the SOA are electrically isolated. By applying various biasing conditions on SA1 and SA2 we can locate the SA near the EM or near the OC. When SA1 is reversely biased and the same current density is applied on SOA and SA2 the SA is positioned near the OC and an ACPML configuration is realized. An SCPML configuration can be achieved by applying the same forward bias current density to SA1 and SOA and a reverse bias voltage on SA2. The cavity included SOA section of length 2 mm, two absorbers SA1 and SA2 of length 100 μm. The total length of the cavity is 5.5 mm. The active sections were all based on the same InGaAsP multi-quantum well core.
B. Optical Power Characteristics
The chip was mounted on a copper chuck that was temperature stabilized at 18°C. The light from the waveguide connected to the OC was collected using a lensed fiber with anti-reflection coating. In order to prevent back-reflections to the chip from optical equipment connected to the fiber an optical isolator was used. To investigate the influence of the position of the SA on the energy emitted by the laser and the energy inside the SA, we measured the output optical power and the photocurrent generated in the SA as a function of the current injected in the SOA. The output optical power was measured after a 50% splitter. The generated photocurrent in the SA is a measure of the power at that point in the cavity at the fixed applied voltage. Fig. 2 shows both these dependencies for the ACPML (black curves) and for the SCPML (red curve) for different values of absorber bias. Notice, that the fibre coupled power levels in both configurations are relatively low compared to other monolithic PMLs [9] , [12] . In addition to the coupling losses (5 dB) the PML exhibits significant intracavity losses due to an error in the fabrication. The laser was fabricated in non-commercial experimental foundry run, which had non-typical waveguide losses of 14 dB/cm.
The small spikes on the curves are related to the change in the laser dynamic regimes, which are represented with dashed lines on Fig. 2(b) , (d), (f). At a low bias voltage U SA the optical power dependencies for both configurations show almost the same slope. However, with increasing U SA the optical power coupled from the SCPML configuration drops with respect to that of the ACPML configuration. The linear absorption in the SA will increase with increasing U SA . Thus the reduction in output power of the SCPML configuration with respect to the ACPML configuration is related to a less saturated SA in the SCPML compared to the ACPML. The reason for that is that the highest pulse energy is available near the OC. Fig. 2(b) , (d), (f) shows that indeed the optical power level in the SA in the ACPML is much higher than those measured for the SCPML. Notice that in both configurations an increase of U SA leads to an increase of the photocurrent in the SA. The dark current was in the order of few nanoampere. However, this effect is more pronounced in the case of the SCPML configuration, due to its less saturated SA. In the ACPML configuration the value of photocurrent at I SOA = 140 mA changes from 20.15 to 21.41 mA with increasing U SA whereas in the case of the SCPML configuration the photocurrent at the same I SOA value increases from 8.17 to 13.1 mA. The laser in the SCPML configuration operates in continuous wave (CW) regime for low I SOA since the SA is not sufficiently saturated at those current levels. With increasing I SOA the laser enters a mode-locked regime.
These observations fully confirm the theoretical prediction of the increase of output power and the optical power inside the SA in the case of an ACPML design. The higher level of photocurrent generated in the SA in the case of an ACPML is a result of less saturated SOA, which in principle should lead to the reduction of self-phase modulation effects and a more stable pulse train [10] . In the next section we present the evaluation of the influence of the position of the SA on PML stability.
C. Stability and Pulse Quality Characterization
In [10] it was shown that theoretically the use of an ACPML scheme leads to the reduction of amplitude and timing jitter over a large range of the injected SOA current for a fixed reverse bias voltage on the SA. However it is also relevant to consider the effect of varying the SA bias voltage. Variation of this bias voltage leads to a change in the SA recovery time and in the SA absorption spectrum. This in turn influences the output properties of the laser [14] . In this section we present an experimental comparison of the timing stability and pulse duration for the two configurations over a range of U SA and I SOA . The influence of the SA position on the stability was evaluated by performing spectral measurements of RF beat tones that were generated in a 50 GHz photodiode and recorded using a 50 GHz electrical spectrum analyzer. For the several operating conditions the measurements of optical spectra were performed using highresolution optical spectrum analyzer. The electrical spectrum for the ACPML configuration recorded at U SA = −1.3 V and I SOA = 123 mA shows a peak at the fundamental frequency and second and third harmonics (see Fig. 3(a) ). Fig. 3(b) presents a RF spectrum of the PMLL in SCPML configuration recorded at the same operating conditions as in Fig. 3(a) . Fig. 3(a) shows a stronger fundamental tone and its higher order overtones in comparison with the spectrum presented in Fig. 3(b) . Fig. 3(c) , and (d) shows more detailed RF spectra around the fundamental peaks for the both configurations. The -10 dB linewidth of the RF peak depicted in Fig. 3(a) is 1.4 and 23 MHz in Fig. 3(b) . Even though in this study for both the ACPML and SCPML configurations the same device was used, the fundamental frequency of the two configurations differs by more than 100 MHz. In [9] it was shown that such a large detuning from the cavity's roundtrip originates from saturation effects in the SOA and SA sections and can vary with the optical pulse intensity. The Fig. 3(c) shows a reduction of the linewidth of the fundamental peak when the ACPML configuration is used. This indicates a lower level of timing jitter [19] .
In order to compare two designs in terms of timing jitter for wide range of operating conditions, the linewidth of the fundamental peak at the -10 dB level was measured. Fig. 4(a) and (b) shows maps of the RF peak linewidth for the ACPML and SCPML configurations respectively. Please notice that the colour scale for the linewidth in Fig. 4(a) is ten times larger than the scale used in Fig. 4(b) . Depending on the operating conditions, various dynamical regimes were observed in both configurations. In the narrow range of currents (1-2 mA) just above the threshold, the laser in the ACMPL configuration exhibits CW regime with amplitude instabilities. This range is indicated by the black solid line in Fig. 4(b) . A further increase of the current leads to a buildup of the mode-locking state. In the case of the SCPML configuration the laser first enters CW state due to the low optical power in the SA. Then with increasing injection current the laser proceeds to a mode-locked state. This was confirmed by the measurements of the optical spectra. From these graphs it clearly appears that for a large range of operating conditions the RF linewidth of the laser in ACPML configuration is significantly decreased in comparison to the other configuration.
The minimum observed linewidth at -10 dB level for the ACPML configuration was 36 KHz, whereas for the SCPML it was 2.4 MHz. Therefore, these investigations confirm that the use of an ACMPL design leads to a significant reduction of the timing jitter and enlargement of the region of stable modelocking.
The amplitude noise can be evaluated through the analyzing of the RF signal at low frequencies. In [12] it was shown that the PML realized in the ACPML configuration exhibited suppressed amplitude noise levels when compared with the SCPM case. However, in our case the low frequency components were not observed above the system noise floor of -80 dBm in the modelocking state for both configurations. To investigate the influence of the position of the SA on the output pulse shape in the time domain, second harmonic autocorrelation (AC) intensity profiles were measured using an autocorrelator in a background free configuration. Since the output power from the lasers was quite low, the signal was first amplified by a low noise erbium doped fiber amplifier (EDFA) and then sent through the polarization controller to the autocorrelator. The length of the erbium doped fiber was 42 m with dispersion parameter of 10.8 ps/(nm·km). More details of the influence of dispersion and non-uniform amplification caused by the EDFA on the AC trace can be found in [20] .
The Fig. 5 shows an example of optical spectra and AC traces for the ACPML (see Fig. 5(a) and (c) ) and the SCPML (see Fig. 5(b) and (d) ). Both spectra and AC traces were recorded at U SA = −1.3 V and I SOA = 98 mA. Optical spectra for both configurations are centered around 1557 nm. The optical comb presented in Fig. 5(a) features a bandwidth of 4.6 nm full-width at half-maximum (FWHM), whereas the optical spectrum in Fig. 5(b) is 0.4 nm wide. Such a narrow bandwidth measured at 3 dB level in the case of SCPML configuration is caused by the non-uniform shape of the spectrum. This spectrum shows two pronounced maxima around 1554 and 1560 nm, which were present over the whole range of injected currents in modelocking regime. The reason of this is not yet understood and requires further investigation. The measurements of the AC traces confirm the coherency between longitudinal modes in mode-locked state. AC trace background level suppression of more than 30 times was observed in the transition between CW to mode-locked state. This means that in the mode-locked state most of the power is concentrated in the optical pulse. The width of the AC measured at the level of half maximum (FWHM) was 9.7 ps for the ACPML configuration and 21.8 ps for SCPML configuration. It should be noted that for both configuration the optical pulses are expected to have a significant amount of chirp. The FWHM of AC traces was chosen as a characteristic of the time domain PML performance. AC traces were measured for the same operating points as in the RF measurements. All time traces were obtained for the same autocorrelator settings of 150 ps scan range with 260 data points, which correspond to a 580 fs time resolution in the AC signal. The FWHM of AC was chosen as a characteristic of the time domain PML performance. Fig. 6(a) shows the dependence of the FWHM of the AC traces on injected current at fixed U SA = −1.1 V for the ACPML (red) and SCPML (black) configurations. In both cases the increase of injected current leads to the broadening of the pulses due to the increase in self-phase modulation effects. When varying the voltage applied on the SA at fixed current on the SOA (I SOA = 104 mA), both configurations show a decrease of the FWHM with U SA , which is attributed to a reduction of SA recovery time. The AC FWHM is varying between 7.5 and 50 ps. In both configurations the PML features relatively broad optical pulses in comparison with other results obtained from integrated QW PMLs [12] , [14] , [20] . This can be caused by the reduction of pulse interaction with its reflection in the SA due to the use of finite mirror length. The energy inside SA is also reduced in both cases due to the high losses in passive waveguide, which can lead to the broadening of the pulse.
The maps AC FWHM indicate a significant reduction of the pulse width over whole range of operating conditions when the ACPML design is used. In this case the minimum achieved AC width was 7.5 ps, whereas the minimum width in the SCPML configuration was 22 ps. Combining these results with the results achieved from the optical power measurements we can conclude that in an ACPML configuration the peak power of the pulse is increased by more than 4 times at the high applied voltages in comparison with the SCPML configuration.
III. CONCLUSION
In this work we experimentally investigated the performance of a linear semiconductor passively mode-locked laser that can be switched between the ACPML and SCPML configurations. The design of the PML that was realized allowed for both configurations to be evaluated using the same device. As was predicted in [11] , the placing of the SA next to the low reflectivity mirror leads to an increase of output power up to two times in comparison with the configuration where the SA is placed at the high reflectivity mirror. By measuring the photocurrent generated in the SA it was shown that the modulation of the SA is enhanced in the ACMPL design. Observation of RF spectra showed that in the ACMPL design the RF peak linewidth is decreased for a wide range of the current injected in the SOA and voltage applied on the SA. This indicates the reduction of timing jitter and increase of the region of stable mode-locked operation. The analysis of AC traces shows that a minimum AC pulse width reduces from 22 to 7.5 ps. These results fully confirm the theoretical prediction made in [11] of the superiority of the ACMPL design over SMPL design.
